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rush–hour traffic. Thehigh correlationbetweenbenzene and toluene evidenced their commonoriginprobablydue to
vehicular traffic. In summer isoprenediurnalprofile showedbothbiogenicandanthropogenicorigin.NO2andO3daily
trendsduring summertimeevidencedbothphotostationary state typical conditionsandphotochemical smogepisodes.
VOCandO3 trendsalsoevidenceda reduction inVOC levelsduringO3 formation.Basedon theMaximum Incremental
Reactivityscale,thehighestcontributorstoozoneproductioninRomewerepropene,etheneandtoluene.Comparingdata




















Quantification of volatile organic compounds (VOCs) in the
ambient air is important for air quality assessment and for
understanding thephotochemical formationof smog.Oneof the
mainconstituentsofphotochemicalsmog isozone(O3)whichhas
adverse effects on human health at high concentrations. O3 is
formed by a series of complex atmospheric reactions between
nitrogen oxides (NOX) and VOCs in the presence of sunlight and
underfavorablemeteorologicalconditions.

Researchers have focused on urban VOC levels, especially




VOCs are emitted from various urban, industrial and natural
sources.PreviousworkshaveshownthatthedominantanthropoͲ
genic sources in the urban areas are vehicle exhaust, gasoline
evaporation,emissions fromthecommercialand industrialuseof




Wang, 2004), but in urban areas this contribution is often
negligible.

Severalstudieshavebeencarriedout to investigate theVOC








year older data, whereas a limited number of VOCs have been
analyzed by Fuselli et al. (2010). Over the last two decades,
European Directives have been introduced to improve the
parametersofairqualityaffectedby traffic–relatedemissions. In
particularDirective2008/50/EC (CEU,2008) recommended thata
whole listofVOCozoneprecursors shouldbemeasured so their
trends could be analyzed, the efficiency of emission reduction
strategies checked and sources of emissions determined.
Moreover,Directiverecommendedthatthemandatorymeasuring
stationshouldbepreferably located intheurbanbackgroundand
shouldnotbedirectly influencedby strong local sources suchas
traffic or large industrial installations. However, the full VOC




areaaroundRome therearenoheavy industriesand thenearest
powerplantisatabout100kmfromtheurbanarea.

Air pollution originates primarily frommotor vehicle traffic
(60%) and secondarily from home heating devices (30%),which




nitrogendioxide (NO2)weremeasured in theurban airofRome
fromDecember,2010 to theendof2011.TwentysixVOCswere
measured and the European Legislation recommended the
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determination for24of them.We reporteddiurnaland seasonal
variations of VOC levels and their influence on the formation of
photochemicalsmog.

Inaddition,asaVOCdecreasing trendhasbeen reported in
studies conducted indifferent European cities (EMEP/CCC, 2002;




Moreover, inorder toput theRomedata inaglobalperspective,
wediscussedourVOC levelswith thoseobtained inotherurban
areasoftheworld.

Theobtained resultsenabledus toget someanswersabout
theeffectivenessofEuropeanDirectives to reduce traffic–related
emissionsinRomeandprovidedarecentbaselinedata,performed








thepilotstation located inastreetcanyon indowntownRomeat
the Italian National Institute for Occupational Safety and
Preventionbuilding (nearS.MariaMaggioreCathedral).The site,
characterizedbyhighdensityofvehiculartraffic, isrepresentative
of urban center. Benzene levels of this site correspond to those
measured in Rome at the Regional Environmental Protection
Agency(ARPALazio)monitoringstationsclassifiedastraffic.

Meteorological data of 2011 were collected by a weather
station(STMAIR;NESA)locatedontheroofofthebuilding(25min
height). The average temperature varied from 9°C (winter) to





Continuous measurements of VOC, O3 and NO2 concenͲ









The Syntech Spectras solution is an analytical system
consisting of two sampling systems and two separate column
systems: one for the C2–C5 and one for the C6–C10 fraction. The
analytical system is equipped with three detectors: two photo




FID was used for the light hydrocarbons (C2–C5), C6–C10
analysiswasperformedbyPID and FID. Foreachanalysis,an air
sample with a volume of 250mL was sampled. Instrument
calibrationwasperformedbeforeeachseasonalcampaignbyusing
agas standard containing29 target specieswithmixing ratiosof




NO2 and O3 concentrations weremeasured bymeans of a
DifferentialOpticalAbsorptionSpectroscopy(DOAS)(mod.AR500,
OPSIS, Sweden). The DOAS technique is described elsewhere
(Hallstadiusetal.,1991;Platt,1994).Thedistancebetweenemitter
andreceiveris280m.TheDOASmonitorsonlygaseouspollutants.
Some gases are monitored independently, while some are
examined simultaneously. Therefore, the number of gases
examined and the amount of time chosen tomonitor each gas
affects theoverallmeasurementcycleof the instrument.For this
application, the measurement cycle was 5min, the monitoring
timesforNO2andO3were30secondsand2minrespectively.For
the pollutantsmonitored, themanufacture specifies a detection
limit of 1μgm–3 forNO2 and 3μgm–3 forO3with a linearity of
±1%.

The contributions of VOCs to local O3 production were
estimated by theMaximum Incremental Reactivity (MIR) values
(Carter, 1994;Carter,2010).MIR is the amount (in grams)ofO3
formed per gram of VOC added to an initial VOC–NOXmixture,
showing how much a compound may contribute to the O3








post–hoc analysis, was performed to compare seasonal VOC
variations. Pearson correlation testwas carried out to study the







Table 1 lists the seasonal mean concentrations of
26monitored VOCs. A large and statistically significant (p<0.05)
variations was evaluated in seasonal VOC levels, ranging from
78μgm–3 in winter to 37μgm–3 in summer. One–way ANOVA
results showed significantly (p<0.05) higher concentrations in




Alkanesprovided the largest contribution to the totalVOCs,
followedbyaromatics.Themostabundantspeciesamongalkanes
wasi–pentanewhichcontributedfrom38%to51%ofthealkanes
and from 22% to 24% of the total VOCs inwinter and summer,
respectively.Amongaromatichydrocarbons,toluenewasthemost
abundant species which contributed from 48% to 53% of the
aromaticsand from13% to14%of the totalVOCs inwinterand
summer, respectively, followed by m,p–xylene and benzene.




A recent study (Montero et al., 2010) on a detailed characͲ
terization of hydrocarbon emissions from modern two–stroke
mopeds(pre–Euro,Euro1andEuro2)showedalargerfractionof
unburnedalkanesratherthanaromatics.Inparticular,alargerate
of i–pentane and ethene was revealed. In Rome motorcycles
(a404000)havebecomeanimportantmodeoftransportationdue
to inadequacyofpublic transport system, traffic congestion, and




only studies carried out in recent years (since 2007) and those
reporting only the ratio between VOCs and CO have not been
considered.









al., 2007; Ran et al., 2009), Pamplona (except for m,p–xylene)
(Parraetal.,2009),higher thanLondon levels (except forethane
and propane) (Russo et al., 2010) and tend to followwithin the
range of the Los Angelesmeasurements (except for ethane and
propane levels, higher in LA) (Warneke et al., 2012). These






trend showed the lower concentrations in spring and summer






different cities in theworld, i.e. Seoul (Na and Kim, 2001), Lille
(Borbon et al., 2002), Tokyo (Shirai et al., 2007), and reflect the
differentVOCphotochemical removal rates from theatmosphere
due to different OH radical concentrations during the year,
minimum in cold period andmaximum in hot period.Moreover
lowerheightsoftheboundarylayer,characteristicofcoldperiods,






together with meteorological conditions. The average diurnal
variationsofthethreecompoundclassesshowedageneralsimilar
shapewith a first concentrationpeak in themorning (9:00 a.m.)
andasecondoneintheevening(7:00p.m.),bothcorrespondingto
traffic rushhours inRome. In cold seasons (winterand fall), low
temperaturesand low solar radiationdonot favor themixingup
among the different air layers and calm conditions and high
stability prevail, causing a pollutant increase. Consequently,VOC
trends follow mainly traffic emissions, with higher peak in the
eveningbecauseoftheincreasingtrafficandthedecreasingmixing
height.Moreover,Heebetal. (1999)suggested thatanenhanced
emission of aromatics could be due to cold start of gasoline
poweredvehicles in thewintermonths.Duringspringperiod, the
first concentration peak in the morning was higher than that
observed in the lateafternoon,becauseofOH radicalproduction




In summertime, concentration peakswere less pronounced,
especially foralkenesandaromatics,becauseofhigher reactivity
with OH radical. Indeed, alkene and aromatic short lifetimes
(Table1) inducea fasteratmosphericdegradationwith increasing
abundanceofOHradicals.Moreover,theenhancedverticalmixing,
characterizinghotperiods, causes thepollutantdispersion in the
atmosphere (Guinot et al., 2006). Finally a decrease in vehicular
trafficvolumewasgenerallyobservedduringthewarmestmonths
(July–August)comparedtoothermonthsoftheyearinthecenter
ofRome. This trend is very similar to thediurnal trend found in








The evaluated correlations resulted to be highly significant
(p<0.001) and positive andmost VOC concentrationswere very
strongly correlated (rш0.75) in all the seasons, except for some
compounds,suchasethane,propaneandisopreneinsummer.The
strong correlations indicated a similar trend of the ambient air
levels of the corresponding compounds during the evaluated
period.Moreover, strong correlations suggested a predominant
commonemissionsource.

The higher correlationswere observed among the aromatic
compounds and remained quite similar through all the seasons,
with the exception of benzene/toluene correlation, which
rangedfrom0.9(p<0.001)to0.4(p<0.001)inwinterandsummer,
respectively. The significant positive correlations between
benzene, marker for aromatic hydrocarbons in heavy traffic
areas, and other aromatic compounds suggested that aromatics
originatefromsimilarsources,likevehiculartraffic(Khoder,2007).
Theratioofbenzenetotoluene(B/T)iscommonlyusedtoidentify
the VOC emission sources. A B/T value ranging from 0.2 to 0.5
was found in various urban areas in the world cities
characterizedbyvehicularemissions(Broccoetal.,1997;Geeand
Sollars,1998;Monodetal.,2001). Inour study, theaverageB/T
ratio was 0.36 (range:0.03–1.56, SD=0.16), highlighting that





Both aromatic compounds react only with OH radical during
daytime,with toluene reacting significantly faster than benzene.
Moreover, chemical removal of VOCs byOH radicals is faster in
summer than in winter, as higher radiation and temperature




The most abundant alkane found in our study, i–pentane,
showed high correlations (0.5чrч0.9, p<0.001) with aromatics,
alkanes(exceptethaneandpropane)andalkenesinwinter,spring
and fall, while in summer lowest correlations with most of
the alkanes were detected (0.2чrч0.6, p<0.001). Barletta et al.
(2005) indicated that a major source of i–pentane is gasoline




High and medium correlations (0.3чrч0.9, p<0.001) were
calculated between the alkanes and the other VOCs, except for
ethane and propane. Ethane showed low correlations with the
other VOCs, except with propane in winter (r=0.8, p<0.001).
Propane, a tracer of LPG (Na and Kim, 2001), showed low
correlations only withmost of the aromatic compounds. Lower
correlations of ethane and propane with the other compounds
couldbe related to their relatively longatmospheric life (daysor
weeks),whichinduceanaccumulationintheair(Lanzetal.,2008).




(Russo et al., 2010). Average i–butane/n–butane ratio was 0.27
(range:0.01–0.90, SD=0.12), highlighting that in our study
vehicularemissionsarethemainsourceofVOCs.

Finally alkenes showed medium correlations (0.3чrч0.5,
p<0.001) with the aromatic compounds during summer period,
while 1–butene, considered an exhaust tracer (McLaren et al.,




















VOCs from biogenic sources, such as isoprene, could
contribute toO3 formation because of their high photochemical
reactivity. Isoprene is naturally emitted into the atmosphere by
plants. Itsproduction isdrivenbyphotosynthesisanddependson
both temperature and solar radiation (Guenther et al., 1993). In




during the summer season,when the radiation and temperature
conditionsaremostfavorableforemissions.Incontrast,anthropoͲ
genic concentrations were highest in winter. There are two




in wintertime, isoprene was significantly correlated with the
anthropogenic VOCs such as benzene (r2=0.61). To identify the
vehicular contribution of isoprene inRome urban air theweekly
profileofbenzenewascomparedwith thatof isoprene inwinter
andsummer. Inwinter, theprofileoftheanthropogenic isoprene
closely followed that of benzene (Figure2a) and the two
compounds showed a strong correlation (r=0.8, p<0.001). In
summer, averaged diurnal variation of isoprene followed a clear
opposite trend compared to that of benzene, and the two
compounds showed a poor correlation (r=0.2, p<0.01). Since
isoprene biogenic emissions are both temperature and light
dependent (Fuentesetal.,2000),wecorrelated isopreneconcenͲ
trationwithtemperature,highlightingapositivecorrelation(r=0.8,
p<0.001). Data concerning isoprene levels in Rome both of
anthropogenicandbiogenicoriginarenotpresentintheliterature,
and severalauthorsused the ratioof isoprene toan indicatorof
traffic emissions (propane or 1,3–butadiene) to cancel out the
anthropogeniccontribution (Reimannetal.,2000;LeeandWang,
2006).Consideringthatourmeasurementswereperformedonthe
side of a road characterized by both trees and traffic as the
apparent sources, we evaluated the isoprene/benzene ratios to
evidence the biogenic contribution. Benzenewas chosen as the
indicator of traffic emissions because of the strong correlation
evaluatedbetweenthetwocompounds.Thediurnalmodulationof
isoprene/benzene ratio in thesummermeasurements looked like
theoriginalconcentrationpattern,whereasinwintertimetheratio




Figures 2c and 2d depict average diurnal patterns of all
samplingdaysinwinterandsummertimeofisopreneandalkenes.
Inwinter themorning and evening peaks coincidedwith traffic
duringrushhours(Figure2c).Thisdiurnalcurvewascharacteristic





diurnal variations of alkenes showed higher early morning and
afternoon concentrations and lower levels from 12:00a.m.–
6:00p.m.Thisdecrease,observedforthemajorityofhydrocarbons
and particularly for the most photoreactive alkenes, was not
detectable for isoprene. Isoprenehadonepeak concentration at
11:00a.m.andanotherhigherat4:00p.m. inadiurnalcycle.The
isoprene concentration increased significantly from 6:00 a.m.,
when the sun rose and the temperature increased. Isoprene
emissionratecontinuedtoriseupto4:00p.m.,althoughthetrend
showed slight fluctuations. The time slot from 12:00 a.m. to
4:00p.m.correspondedtoperiod inwhichtemperatureandsolar
radiation had the highest values and biogenic isoprene emission
increased.Thedecrease inalkene levelscanbeexplainedbothby
stronger verticalmixing, caused by the surface heating, and by
reactionswithOH radicals. Isoprene trend should follow that of
alkenes also in relation to its short chemical lifetime (1.4 h)
(AtkinsonandArey,2003).Itslevelshouldthendecreasethenand





VOCs play an important role in the formation of
photochemicalO3.O3 is formed as a resultof complex reactions
that involve VOCs and NOX in the presence of sunlight. Road
transportemitsmainlynitricoxide(NO)thatisconvertedtoNO2in





This represents a null cycle in which no additional O3 is
produced and it is a photostationary state typical condition in
whichO3 andNO2 are in opposite phase. InsteadO3 production
initiateswhenVOCsareoxidizedbyOHradical,producingperoxy
radicalsthatreactwithNOtoformNO2(Atkinson,2000).ThisNO2
can rapidlyphotolyzesduring thedaytime to regenerateNOand
form O3. VOC oxidation in the atmosphere contributes to O3
formationwhensufficientNOX isavailable (Sadanagaetal.,2003;
Stockwelletal.,2012).VOCoxidationmainlyoccursvia reactions
















the resultsmeasured inwarmermonths,with thehighestphotoͲ
chemical reactivitypotential,havebeenused.MorningmeasureͲ
ments(7:00a.m.–10:00a.m.),beforephotochemicalreactionshad
achance to takeplace,havebeenusedtoevaluate thecontribuͲ
tionofeachhydrocarbontoO3production.Thegaschromatograph
usedinthisstudydoesnotseparatethep–fromthem–xylene,but
it reports the sum of these two compound concentrations.We














VOCs regular data monitoring, carried out by the ISPRA (the
InstituteforEnvironmentalProtectionandResearch),areavailable,
while for other VOCs less systematic data can be found. ISPRA
carried out dailymonitoring at different sites, the two stations












It should be noted that a comparison of hydrocarbon
concentrationsmeasured in thisstudywith those foundbyother
authors indifferentyears inRomeurbanair isdifficultbecauseof
differences in the sampling location, sampling seasons and
sampling methods. In Fanizza et al. (2011), VOC levels were
measured at the same site and with the same instrument (GC
SyntechSpectras955)usedinthisstudy.InBroccoetal.(1997)the








and alkenes. Particularly interesting is the reduction of benzene
(from 35.5μgm–3 to 4.79μgm–3) and toluene (from 99.7 to
9.8μgm–3)levelsfortheirtoxiceffectsonhumanhealth.However
it is important to highlight that in Brocco et al. (1997)’s study
hydrocarbonsweremeasured inRomeduring1992–1993,before
the adoption of Council Directive 91/441/EEC (CEU, 1991)
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time (dd mm aa hh)
12 July                  13 July NO2 O3 VOCs (Aromatics+Alkenes)O32






strongVOC reductionwasalsoobserved in LosAngelesafter the
introduction of the catalyst in 1976 (Warneke at al., 2012).
Moreover a decreasing trend was observed at two European
Monitoring and Evaluation Programme (EMEP) sites: themedian




thosemeasured in2007at thesamesite,VOC levelscontinue to
decline from 2007 to 2011. Aromatics decreased more than
alkanesandalkenes,excepttoluenelevelswhichpresentedaslight
reduction. Concerning aromatic levels measured by ISPRA in a
traffic station, benzene showed a slight reduction from 2007
(3.5μgm–3) to 2011 (2.9μgm–3), while toluene data presented
similar levels (from11.8μgm–3 to11.4μgm–3 in2007and2011,
respectively). Instead a decrease was registered for both
compounds in urban background: benzene from 1.8μgm–3 to
1.1μgm–3and toluene from9.1μgm–3 to5.2μgm–3 in2007and
2011, respectively (ISPRA, 2007; ISPRA, 2011). In Fuselli et al.





stringent emission standards. Directive 98/69/EC (CEU, 1998b)
(Step 2), in force since January 2005, introduced the Euro 4
emissionstandardrequiredforgasolinepassengercars,additional
reduction of 47% for hydrocarbon (HC) and NOX emissions
comparedwith Euro 3,while for diesel passenger cars,with the
Euro4standardvehiclesarerequiredtoemit50%lessHCthanthe
Euro 3 standard (EEA, 2009). Directive 2002/51/EC (CEU, 2002)
(Step 2) introduced the Euro 3 standards formotorcycles, with
differentiatedlimitsdependingontheenginesize:formotorcycles
<150cm3 THC<0.8g/km and for motorcycles ш150cm3
THC<0.3g/km.Basedonofficial statistics in Italy (ACI,2007;ACI,
2011), the number of passenger cars in circulation in Rome
complyingwith the Euro 0, 1, 2, 3 emission limits decreased by
28% in2011,whilecarswithEuro4andEuro5 increasedby15%




and carbonmonoxide (CO)measurements, developed in central
London from 1998 through 2008, were presented. Long–term




CO as for the VOCs due to the implementation of emission
reductionmeasures (introductionofEuro3andEuro4European
emission standards). Authors suggested that the implemented
emissioncontroltechnologiessimilarlyreducedthemajorityofthe




correlates well with ISPRA data relating to national emission
estimatesofnon–methane volatileorganic compounds (NMVOC)
from road transport (ISPRA, 2010), showing a decreasing trend
from 1990 to 2010. In particular, alkanes showed the largest
reduction (80%) followedby aromatics (71%) and alkenes (70%).
Moreover Cattani et al. (2010) reported a statistically significant




air of different cities around theworld, report variations inVOC
concentrationsovertheyears.Along–termstudyperformedfrom
1998 through 2008 atMarylebone Road, located in a very high
traffic flow and frequent congestion site of central London,
reported a decreasing VOC trend: the largest for the aromatic
VOCs,followedbyalkenesandalkanes(vonSchneidemesseretal.,
2010). In the same time period, in a remote high–altitude site
located in Hohenpeissenberg (South Germany), a low rate of
decline from–2% to–13%per yearwas registered for individual
VOCs (Plass–Dulmer et al., 2002; Plass–Dulmer and Berresheim,
2007;vonSchneidemesseretal.,2010).Between1993–1994and
2005–2006 VOCs derived from combustion sources as well as
solvent use decreased by a factor of two or three while VOCs
related to natural gas leakage remained at relatively constant
levelsinanurbansiteinZurich(Switzerland)(Lanzetal.,2008).A
similar resultwas also reported in the same time period forUK
urban background sites (only ethane levels remained constant)
(Dollardetal.,2007).Duringa ten yearperiod (since1994) light
hydrocarbons (C2–C6) have been measured at two Finland
background stations: the concentrations of alkanes (C5–C6), and
ethyne decreased by about 10–40%, in contrast the compounds
with long–life times (ethane and propane) showed an increasing
trend (Hakola et al., 2006), suggesting an increase of VOC
emissionsoutsideEurope.Astudyconductedintheurbanareaof
Beijing (Wangetal.,2012)demonstratedaVOC increasing trend
from2000 to2002with12.4ppbCperyearwithapeak in2003,
andadecreasing trend starting from2003. Inparticular, in2006
and2007,an instantdecreaseof26.5% in theconcentrationwas
recorded.Thesetwodifferenttrendscouldbeexplainedbyabrupt
increase in vehicle number aswell as the implementation of air
pollutioncontrolpolicies.Thevehiclenumber inBeijinghasbeen
steadily increasing and the average rate of vehicle population
increase per yearwas about 11.5% since 1997 (Hao andWang,





A VOC decreasing trendwas revealed in different American
areas. In particular a reduction of up to 40% in VOC reactivity
(calculated as the product of VOC concentrations and the rate
constantagainstOH)wasdetectedinToronto,Canada(Geddeset
al.,2009).SatherandCavender(2007)alsoreportedadecreasein
VOCconcentrations from1996 to2005 inSouthCentralUScities
(Texas).Between1999and2005Bakeretal. (2008) conducteda
sampling campaign to identify and quantify the nonmethane
hydrocarbons in28UScities.Whenmonitoringwasperformedat
road sites, the main obtained result was a difference in VOC




was not possible to determine a cumulative trend because of
differences in theperforming the study. In the LosAngelesbasin
the VOC levels decreased by almost two orders of magnitude
during the last five decades at an average annual rate of about
7.5% (Warneke et al., 2012). The London data (von
Schneidemesser et al., 2010) showed a similar trend of VOC
concentrations in comparison toUSmeasurements (Baker et al.,
2008). LosAngelesVOC trend (Warnekeet al.,2012) resulted to
decrease earlier than that evaluated in London (von
Schneidemesseret al.,2010)due to stricter andearlieremission
reduction strategy. The higher VOC levels for Beijing relative to
othercitieswereexpectedsinceindustrialandvehicularemissions




starting from the enforcement of emission reductionmeasures,
demonstrating the effectiveness of strategies until now adopted
forimprovementairqualityinurbanareas.






showed thatVOC seasonal concentrationsare linked toemission
trends from vehicular traffic. During summertime VOCs, and in
particularalkenes,playan important role inphotochemical smog
formationdue to strong solar radiation.Basedon theMIR scale,
the highest contributors to O3 formation in Rome are ethene,
propeneandtoluene.ThelargestinfluenceofaVOCoveranother
on the formation of O3 can help to define future emission
reductionstrategies.

Even if the monitoring was done in a single location, our
results pointed out the role of technology and policy in the
improvement of air quality. Indeed the decreasing inVOC levels
couldbemainly theresultof improvements in fuelqualityand in
vehicletechnology,andoftheadoptionofmorestringentemission
standards.Airquality improvementrelatedtoVOC levels inRome
urbanarea issignificantboth forabovementionedmeasuresand
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